C ommunity-acquired pneumonia (CAP) is a leading cause of hospitalization and death worldwide. [1] [2] [3] Most guidelines recommend that antibiotic treatment be based on the severity of disease at presentation, assessed either on the basis of the level of care needed or on the basis of a prognostic risk score. [4] [5] [6] For patients with clinically suspected CAP who are admitted to a non-intensive-care-unit (ICU) ward, guidelines recommend either combination therapy with a beta-lactam plus a macrolide or plus ciprofloxacin or monotherapy with moxifloxacin or levofloxacin for empirical treatment. These guidelines have increased the use of macrolides and fluoroquinolones, although these antibiotic classes have been associated with increased development of resistance. 7, 8 The evidence in support of these recommendations is limited. [9] [10] [11] [12] [13] The recommendation to add a macrolide to a beta-lactam is based on observational studies, which are prone to confounding by indication. 14 Although fluoroquinolones have been evaluated in randomized, controlled trials, their superiority over betalactam monotherapy has not been shown. 15, 16 Moreover, the results of randomized, controlled trials may be affected by in-hospital antibiotic exposure that occurs before randomization 17, 18 and often have restrictive inclusion criteria, which limit the generalizability of their results to daily practice.
We therefore assessed whether a strategy of preferred empirical treatment with beta-lactam monotherapy is noninferior to either preferred beta-lactam-macrolide combination therapy or preferred fluoroquinolone monotherapy, with regard to 90-day all-cause mortality among adults with clinically suspected CAP who are admitted to non-ICU wards. These strategies allowed for deviation from the assigned antibiotic therapy for medical reasons, so as not to compromise care. We performed a pragmatic, cluster-randomized, crossover trial to overcome confounding by indication and the effects of prerandomization antibiotic therapy.
Me thods

Study Design and Oversight
The Community-Acquired Pneumonia -Study on the Initial Treatment with Antibiotics of Lower Respiratory Tract Infections (CAP-START) was performed in seven hospitals in the Netherlands, from February 2011 through August 2013 (see the Supplementary Appendix, available with the full text of this article at NEJM.org). The design and rationale of the study have been described elsewhere, 18 and the data are reported in accordance with Consolidated Standards of Reporting Trials (CONSORT) statements for cluster-randomized and noninferiority studies. 19, 20 Additional study details are provided in the study protocol and statistical analysis plan, which are available at NEJM.org. The study protocol was approved by the ethics review board at the University Medical Center Utrecht (reference number 10/148), by the local institutional review boards, and by the antibiotic committee at each participating hospital.
Eligibility and Recruitment of Patients
Patients 18 years of age or older with clinically suspected CAP who required antibiotic treatment and hospitalization in a non-ICU ward were eligible for the study ( Hg] , and an age of 65 years or older, with a higher score indicating a higher risk of death within 30 days). 21 We used on-site training of research nurses throughout the study to ensure the standardization of case definitions.
Emergency department registries were screened daily for eligible patients by research nurses or physicians. Obtaining informed consent before intervention was deemed unnecessary, because patients did not undergo randomization individually, and all the antibiotics we studied are used in current practice. 22 Written informed consent obtained within 72 hours after admission was required for data collection.
cordance with the strategy that was applicable on the admission date. Clinicians were repeatedly informed of the current antibiotic strategy by local investigators and with the use of newsletters and presentations.
The antibiotics allowed during each treatment strategy period (Table 1) were based on the 2005 Dutch guideline. 23 Physicians were encouraged to apply the assigned treatment strategies for the full treatment of patients with suspected CAP, unless there were medical reasons not to, such as adverse events or de-escalation of antibiotic treatment (e.g., because of a switch to targeted treatment when a causative pathogen had been identified). Adherence to the strategy was defined as treatment in accordance with the assigned strategy or deviation from the strategy for medical reasons (i.e., motivated deviation), irrespective of subsequent switches of antibiotic treatment to a nonassigned antibiotic. Adherence to the antibiotic was defined as initial treatment with the assigned antibiotic, irrespective of subsequent switches of antibiotic treatment to a nonassigned antibiotic.
Randomization
Computer-generated randomization was performed in blocks of six, each containing a sequence of the three antibiotic strategies. Hospitals were assigned to their sequence after approval of the study by the hospital antibiotic committee. Two hospitals that had closely collaborating medical staff were randomized as one cluster. All the hospitals planned to participate until the calculated sample size was met or for a maximum of 2 years (Fig. S1 in the Supplementary Appendix).
Outcomes
The primary outcome was all-cause mortality within 90 days after admission. The secondary outcomes were the time to starting oral treat-
Case definitions
Community-acquired pneumonia (CAP) (working diagnosis): The presence of at least two of the diagnostic clinical criteria and in-hospital treatment with antibiotics for clinically suspected CAP as documented by the treating physician. Patients with two or more criteria and an obvious nonrespiratory source of infection were not considered to have a working diagnosis of CAP, nor were patients who had recently been hospitalized (for >48 hours in the previous 2 weeks) or who resided in long-term care facilities.
Radiologically confirmed CAP: A working diagnosis of CAP plus the presence of a new or increased infiltrate on chest radiography or computed tomography (CT) and at least two other clinical criteria. ment, length of hospital stay, and occurrence of minor or major complications during the hospital stay. All outcomes were measured at the individual patient level.
Diagnostic clinical criteria
Data Collection
Data on clinical presentation, laboratory and microbiologic test results, the antibiotic agents used, complications, and clinical outcome were retrieved from medical records. Nonroutine data were recorded by research nurses directly after the patient's inclusion. When the reasons for deviations from the assigned empirical treatment were not clear in the medical chart, research nurses requested information from responsible physicians. The 90-day mortality was determined from the patient record database of each participating hospital or from the municipal personal records database (see the Supplementary Appendix).
Statistical Analysis
Details about the calculation of sample size are provided in the Supplementary Appendix. Analyses were performed in accordance with the intention-to-treat principle, with adjustment for clustering. Differences among the groups in 90-day mortality were assessed with the use of a mixedeffects logistic-regression analysis, including hospitals as a fixed effect and each strategy period per hospital as a random intercept. 24 We estimated absolute risk differences among strategies by averaging the computed individual risks for each treatment group, and confidence intervals were calculated with the use of 2000 bootstrapping samples. 25 Noninferiority was assessed in a one-sided test at a significance level of 0.05 with the use of twosided 90% confidence intervals.
Differences in the length of hospital stay and the time to starting oral administration of antibiotics were tested with mixed-effects Cox proportional-hazards models. 26 The frequencies of major and minor complications were compared by means of mixed-effects multinomial regression. Post hoc analyses of the strategy-adherent and antibiotic-adherent populations were performed for all outcomes. We performed sensitivity analyses that included only patients with radiologically confirmed CAP (Table 1) and that assessed 30-day mortality instead of 90-day mortality, and we calculated two-sided 95% confidence intervals. Missing data were imputed by multiple imputation, 27 with the exception of data on respiratory rate, heart rate, and confusion at admission; the values for these variables were assumed to be normal when data were missing. The analyses were performed with the use of R software, version 3.0.2 (R Project for Statistical Computing).
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R esult s
Enrollment
A total of 3325 patients were eligible for inclusion in the study, and 2283 (69%) gave consent. The median age of the patients was 70 years (interquartile range, 59 to 79). Among the patients who were not included, the median age was 74 years (interquartile range, 63 to 83) during the betalactam strategy periods, 74 years (interquartile range, 61 to 82) during the beta-lactam-macrolide strategy periods, and 74 years (interquartile range, 61 to 83) during the fluoroquinolone strategy periods, and the reasons for noninclusion were similar across strategies ( Fig. 1 ). The baseline characteristics of included patients were similar among strategy periods, and blood and sputum cultures and urinary antigen testing for Streptococcus pneumoniae and Legionella pneumophila were performed with similar frequency (Table 2). The microbial causes of CAP were similar in the three treatment groups. S. pneumoniae was the pathogen detected most frequently (in 15.9% of patients), followed by Haemophilus influenzae (in 6.8%); atypical pathogens were found in 2.1% of the patients (Table S1 in the Supplementary Appendix). Resistance to the initiated antibiotic treatment was highest with the beta-lactam strategy (Table S2 in the Supplementary Appendix). Six hospitals completed 6 randomized strategy periods each; enrollment was discontinued in one hospital after 4.5 periods, when the intended number of patients per treatment group had been reached. Changeovers from one treatment strategy period to the next occurred as planned except in one hospital: because of unforeseen fluoroquinolone supply problems, 4 weeks of the first fluoroquinolone period were exchanged with the subsequent beta-lactam-macrolide period ( Fig. S1 in the Supplementary Appendix).
Strategy Adherence and Antibiotic Use
Rates of adherence to the strategies and to antibiotic treatment are shown in Figure 1 . Antibiotic use during each strategy period is summarized in Table S3 antibiotic adherence is summarized in Figure S3 in the Supplementary Appendix. The number of patients empirically treated with antibiotic coverage for atypical pathogens (i.e., macrolides, fluoroquinolones, and doxycycline) during the betalactam strategy periods was 67% less than the number treated with atypical coverage during the beta-lactam-macrolide strategy periods and 69% less than the number during the fluoroquinolone strategy periods, and the cumulative number of days with atypical coverage was 57% and 62% less, respectively.
Deviations were made for 565 patients (24.8%); a total of 200 of these deviations had no documented medical reason. The most frequent medical reasons for deviation from the beta-lactam strategy were the perceived need to cover atypical pathogens (53 patients, 8.1%), a contraindication to beta-lactams (21 patients, 3.2%), and a recent start of treatment with another antibiotic class or a lack of response to preadmission treatment with beta-lactams (27 patients, 4.1%) ( Table S4 in the Supplementary Appendix). Among patients receiving the assigned therapy, switches to The strategy-adherent population was the population that underwent treatment in accordance with the assigned strategy or had deviation from the strategy for medical reasons (i.e., motivated deviation), irrespective of subsequent switches of antibiotic treatment to a nonassigned antibiotic; the antibiotic-adherent population was the population that underwent initial treatment with the assigned antibiotic, irrespective of subsequent switches of antibiotic treatment to a nonassigned antibiotic. ‡ Active cancer was defined as a solid or hematologic cancer treated with radiotherapy or chemotherapy within the previous 5 years. § When data were missing, values were assumed to be normal. A total of 6.3% of data points used to calculate the PSI score had missing values, and 11.3% of data points used to calculate the CURB-65 score had missing values. ¶ The PSI score uses 20 clinical measures to predict risk of death within 30 days, with results ranging from 0.1% (in patients with a score of 0-50) to 27.0% (in patients with a score >131). ‖ The CURB-65 score is calculated by assigning 1 point each for confusion, uremia (blood urea nitrogen ≥20 mg per deciliter), high respiratory rate (≥30 breaths per minute), low systolic blood pressure (<90 mm Hg) or diastolic blood pressure (≤60 mm Hg), and an age of 65 years or older, with a higher score indicating a higher risk of death within 30 days. other antibiotic classes because of perceived insufficient clinical recovery were made for 41 patients (8.8%) during the beta-lactam strategy periods, for 33 patients (6.1%) during the betalactam-macrolide strategy periods, and for 26 patients (3.7%) during the fluoroquinolone strategy periods. Other reasons for switching antibiotic classes are provided in Table S5 in the Supplementary Appendix.
Primary Outcome
All-cause mortality at 90 days could not be assessed for four patients; these patients were included only in secondary analyses (Fig. 1) . The absolute difference in the adjusted risk of death between the beta-lactam strategy and the betalactam-macrolide strategy was 1. absolute difference between the beta-lactam strategy and the fluoroquinolone strategy was −0.6 percentage points (90% CI, −2.8 to 1.9) in favor of the fluoroquinolone strategy. These confidence intervals do not include the prespecified margin of a 3-percentage-point higher 90-day mortality, thus demonstrating the noninferiority of the beta-lactam strategy to the beta-lactammacrolide and fluoroquinolone strategies (Fig. 2) . In the strategy-adherent and antibiotic-adherent populations, the absolute adjusted risk differences were similar to those in the intentionto-treat population. Similar estimates were obtained in sensitivity analyses of patients with radiologically confirmed CAP and in analyses of 30-day mortality. The two-sided 95% confidence interval for the comparison of the beta-lactam strategy with the fluoroquinolone strategy crossed the noninferiority margin (Fig. 2, and Table S6 , S7, and S8 in the Supplementary Appendix).
Secondary Outcomes
The median length of hospital stay was 6 days for all strategies, but the upper quartile was higher during the beta-lactam-macrolide strategy periods (Table 3 ). The median duration of intravenous treatment was 3 days during the fluoroquinolone strategy periods and 4 days during the other strategy periods ( Table 3 ). The proportions of patients whose treatment started with oral antibiotics were 27% during the fluoroquinolone strategy periods, as compared with 13% and 10% during the beta-lactam and beta-lactam-macrolide strategy periods, respectively. There were no significant differences among the three strategies in the incidence of major or minor complications (Table 3) .
Discussion
In this pragmatic, cluster-randomized, crossover trial, a strategy of preferred empirical treatment with beta-lactam monotherapy was noninferior to strategies of treatment with beta-lactam-macrolide combination therapy and with fluoroquinolone monotherapy among patients with suspected CAP who were admitted to non-ICU wards. Moreover, there were no clinically relevant differences among treatment strategies in the length of hospital stay or in reported complications. The median time to starting oral treatment was shorter with the fluoroquinolone strategy, mainly because more patients during those strategy periods started with oral empirical treatment at admission, but this did not result in a decreased length of hospital stay.
Our approach differs from those of previous studies in four aspects. First, this study addressed treatment strategies, rather than individual antibiotics, in the treatment of patients hospitalized with a clinical suspicion of CAP. To reflect daily medical practice, we allowed for deviations from the assigned therapy for medical reasons. To minimize confounding, all the patients were included in the intention-to-treat analysis. Although deviations and switches reduced the differences among treatment strategies, empirical atypical coverage was reduced by 67% during the Figure 2 (facing page) . Noninferiority Plots.
The noninferiority plots show crude and adjusted absolute risk differences for 90-day mortality associated with the beta-lactam-macrolide combination and fluoroquinolone monotherapy strategies, as compared with the beta-lactam monotherapy strategy, in analysis of the intention-to-treat population, the strategy-adherent population, and the antibiotic-adherent population, as well as for the sensitivity analysis including only patients with radiologically confirmed community-acquired pneumonia (CAP). To allow for one-sided testing of noninferiority, 90% confidence intervals were calculated (shown in black); 95% confidence intervals are also provided (shown in red). Confidence intervals within the gray-shaded area are noninferior. The crude analyses take into account cluster-period effects and center effects. The adjusted analyses are additionally corrected for Pneumonia Severity Index score (a score that uses 20 clinical measures, including age and sex, to predict the risk of death within 30 days, with results ranging from 0.1% [in patients with a score of 0-50] to 27.0% [in patients with a score >131]); smoking status; presence of chronic pulmonary diseases, chronic cardiovascular diseases, diabetes mellitus, or immunosuppression; previous treatment with antibiotics; and number of hospitalizations during the previous year. The analysis of the antibioticadherent population is further adjusted for duration of symptoms; dependency in activities of daily living; presence or absence of hematologic cancer, nonhematologic cancer, or immunosuppression; C-reactive protein level; whole-blood leukocyte count; and temperature at hospital admission. The noninferiority margin is −3 percentage points (shown as Δ). The intracluster correlation for cluster-period effects in the primary analysis was 4.5×10 −7 . Exact numbers are provided in Table S6 in the Supplementary Appendix, and survival curves are shown in Figure S4 * Crude analyses take into account cluster-period effects and center effects. Adjusted analyses are additionally corrected for PSI score (including age and sex); smoking status; presence of chronic pulmonary disease, chronic cardiovascular disease, diabetes mellitus, or immunosuppression; previous receipt of antibiotics; and number of hospitalizations in the previous year. IQR denotes interquartile range, and IV intravenous. † The length of stay was unknown for 5 patients in the beta-lactam strategy group (0.8%), 2 patients in the beta-lactam-macrolide strategy group (0.3%), and 5 patients in the fluoroquinolone strategy group (0.6%), who were transferred to other hospitals. ‡ Rate ratios are from a Cox proportional-hazards model predicting the day of discharge as the event of interest. A rate ratio below 1 indicates a longer length of stay. The survival curve is shown in Figure S5 in the Supplementary Appendix. § The duration of intravenous treatment was unknown for 1 patient in the fluoroquinolone strategy group (0.1%) who was transferred to another hospital while receiving intravenous treatment. ¶ Rate ratios are from a Cox proportional-hazards model predicting the end of intravenous treatment or the start of oral treatment as the event of interest. A rate ratio below 1 indicates a longer duration of intravenous treatment. The survival curve is shown in Figure S6 in the Supplementary Appendix. ‖ Major complications include in-hospital death, respiratory insufficiency, ICU admission, organ failure, and septic shock. A detailed description of complications is provided in Table S9 in the Supplementary Appendix. ** Odds ratios (all crude analyses) are from a mixed-effects ordinal logistic-regression model with no, minor, or major complications as the dependent variable. beta-lactam strategy periods as compared with the beta-lactam-macrolide strategy periods and by 69% during the beta-lactam strategy periods as compared with the fluoroquinolone strategy periods. The number of in-hospital days with atypical coverage was also reduced during the beta-lactam strategy periods, by 57% and 62%, respectively. In the post hoc analysis of the strategy-adherent and antibiotic-adherent populations, the beta-lactam strategy remained noninferior to the beta-lactam-macrolide strategy. In the crude analysis of the antibiotic-adherent population, the lower limit of the confidence interval crossed −3 percentage points for the comparison between beta-lactam and fluoroquinolone monotherapy; however, after adjustment for confounders, the lower limit of the confidence interval fell within the defined margins of noninferiority. Second, we used a cluster-randomized design that allowed for an immediate start of the assigned empirical treatment strategy. The crossover component increased the efficiency of the trial by allowing comparisons of the effect of the strategies within each cluster and ensuring that all hospitals used all three strategies, a design that minimized the possibility of confounding. Despite the risk of selection bias that is inherent to cluster-randomized studies, the baseline characteristics of the patients were similar among strategies, and statistical adjustment for potential confounders changed the findings only minimally. Differential inclusion of patients across treatment groups was unlikely, given the similar age patterns for nonincluded patients and similar enrollment rates. We were not allowed to collect data on other characteristics of the patients who were not included. The pathogens found were similar among strategy groups, but the resistance of pathogens to the actual treatment was highest during the beta-lactam strategy periods. This did not appear to lead to a worse outcome, possibly because not all were proven causative pathogens and because of antibiotic switches.
Third, all patients for whom the antibiotic strategy might have been used in daily practice were eligible for enrollment, which increases the generalizability of the results. Although this could increase the heterogeneity of the population and the potential for bias toward noninferiority, the effect estimates were similar in the sensitivity analysis that included only patients with radiologically confirmed CAP.
Finally, the primary end point was 90-day allcause mortality, because CAP is associated with high long-term mortality and this is a patientrelevant outcome that is not susceptible to observation bias. 17, 29, 30 An unplanned sensitivity analysis with 30-day mortality as the outcome yielded similar results. Among the secondary outcomes, complications, which were extracted from the medical records, might have been misclassified and subject to observation bias.
The noninferiority of the beta-lactam strategy to the beta-lactam-macrolide strategy was apparent in all analyses. These findings, together with the slightly longer length of hospital stay with the latter strategy, reported associations with the development of resistance, 7, 8 and possible increased risks of cardiac events, 31, 32 indicate that the addition of macrolides for empirical treatment of CAP should be reconsidered. In a recent randomized, controlled trial, the noninferiority of beta-lactam monotherapy to beta-lactam-macrolide combination therapy with respect to clinical stability at day 7 could not be shown, although superiority of the beta-lactam-macrolide combination therapy was not shown, either. Moreover, 30-day and 90-day all-cause mortality and length of hospital stay were similar with the two therapies. 33 Differences between that study and the current study include the strict criteria for eligibility and for switching therapy in cases of clinical deterioration in that study.
Some aspects of our study require explanation. In the noninferiority design, we used onesided testing with an alpha significance level of 0.05. With 95% confidence intervals -that is, an alpha level of 0.025 -the noninferiority of beta-lactams to fluoroquinolones was not shown (Fig. 2) ; however, there was no clear trend toward superiority for fluoroquinolones in any of the other adjusted analyses.
Differences in the numbers of eligible patients per strategy resulted from cluster randomization. The beta-lactam and fluoroquinolone strategies were assigned more frequently during the 2011-2012 and 2012-2013 winter seasons, respectively, and more patients were hospitalized during 2012-2013 winter months. However, the proportions of patients included were similar throughout the seasons and among strategies (Fig. 1, and tional surveillance data showed a higher incidence of Mycoplasma pneumoniae infections, mostly CAP, during that period, 34 for which the beta-lactam strategy might have been less effective. The outbreak of Q fever in the Netherlands ended before the start of the current study, 35 and the distribution of pathogens was similar to those in other studies that have relied on routine microbiologic testing. [36] [37] [38] Regional differences in microbial causes could reduce the generalizability of our findings. However, resistance of S. pneumoniae to penicillin, 39 which rarely occurs in the Netherlands, is unlikely to influence the outcome in patients with pneumonia treated with beta-lactam antibiotics. 40 The prevalence of S. pneumoniae resistance to macrolides was 4.2% in the Netherlands in 2011. 39 The incidence of legionella in this study was less than 1%. A higher incidence could influence the effectiveness of empirical treatment with beta-lactam monotherapy, which stresses the importance of rapid testing in patients with risk factors for Legionnaires' disease. In the current study, rapid urinary antigen testing for legionella was performed in 492 patients (75%) during the beta-lactam strategy periods; 5 of the patients (1%) tested positive, 2 of whom received ciprofloxacin empirically because of a high clinical suspicion. For the other 3 patients, antibiotic therapy was adjusted after test results became available. All 5 patients had a good clinical outcome. Higher incidences of community-acquired Pseudomonas aeruginosa or methicillin-resistant Staphylococcus aureus infections would require the adaptation of all three treatment strategies.
In conclusion, among patients with suspected CAP who were admitted to non-ICU wards, we found that a strategy of preferred empirical treatment with beta-lactam monotherapy that allowed for deviations for medical reasons was noninferior to strategies with beta-lactam-macrolide combination therapy or fluoroquinolone monotherapy in terms of 90-day all-cause mortality. In addition, beta-lactam monotherapy was not associated with a longer length of hospital stay or a higher incidence of complications.
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